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FOREWORD

To permit expeditious transmittal of performance data to those
concerned, figures and a tabulation of "preliminary data' are presented
herein. Preliminary data are test data that have not received the com-
plete analysis and extensive cross-checking normally given a set of NACA
data before release.
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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

PRELIMINARY FREE~JET PERFORMANCE OF XRJ43-MA-3 RAM-JET
ENGINE AT A MACH NUMBER OF 2.50

By Ivan D. Smith and William R. Prince

SUMMARY

The performance characteristics of the XRJ43-MA-3 model 20B3 ram-
Jjet engine have been investigated in a free-jet facility as a part of
the development program for the "Bomarc," ram-jet powered, interceptor-
type missile.

The performance characteristics and combustor blow-out limits of
the ram-jet engine are presented for a Mach number of 2.50, altitudes
from 44,000 to 65,000 feet, Miami cold day and hot day inlet temperatures
(790° anad 873° R, respectively, at altitudes above 50,000 ft), and angles
of attack between £7°.

The diffuser supercritical mass-filow ratio and the critical pressure
recovery both decreased as angle of attack deviated from zero. The dif-
fuser was unstable during subcritical operation. Areas of high and low
Mach number developed at the diffuser outlet as pressure recovery was de-
creased to low engine thrust conditions. Angle of attack changed the
positions of the diffuser-outlet Mach number contours, but had little ef-

fect on their severity.

A discontinuity occurred in all the performance data when combustion
screech was encountered. Combustion screech, which was generally encoun-
tered in the medium-to-high fuel-air-ratio range, improved the performance,
but the severity or destructiveness could not be determined because of the
heavy duty engine used in this investigation. A hysteresis occurred when
the fuel-air ratio was increased and decreased, taking the combustor into

and out of screech.

Angle of attack and inlet temperature had little effect on engine
performance, while increasing the altitude from 44,000 to 65,000 feet
decreased the net thrust coefficient between 0.05 and 0.10. During com-
bustor screech, altitude had a very small effect on engine performance.

In general, the combustor blow-out limits were decreased as altitude
was increased or inlet temperature decreased.
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INTRODUCTION

The performance characteristics of the XRJ43-MA-3 model 20B3 ram-
Jet engine have been investigated by free-jet technique in an altitude
test chamber at the NACA Lewis laboratory. This investigation was con-
ducted in cooperation with the Air Research and Development Command,
U. 8. Air Force, as a part of the development program for the "Bomarc,
ram-jet powered, interceptor-type missile.

The interim Bomarc missile, for which this investigation was specif-
ically conducted, requires engine operation between Mach numbers of 2.2
and 2.7 at altltudes from 30,000 to 65, OOO feet. Rated thrust must be
attainable at angles of attack between i4 with inlet temperatures be-
tween those prescribed by the Miami cold day and Miami hot day schedules,
Stable combustion must be possible at angles of attack to +7° with a
Miami cold day inlet temperature.

The performance data presented herein include the inlet-air-flow
calibration, supersonic diffuser performance, combustor performance,
combustor blow-out limits, and engine net thrust coefficient at a Mach
number of 2.50, altitudes from 44,000 to 65,000 feet, Miami cold day and
hot day inlet temperatures (7900 and 873° R, respectlvely, at altitudes
above 50,000 ft), and angles of attack between 70, Pacility air-flow
limits prevented operation below an altitude of 44,000 feet. Conbustion
data are given over a range of fuel-air ratios with three different fuel-
injection methods.

APPARATUS
Facility

The installation of the XRJ43-MA-3 ram-jet engine in the altitude
test chamber is shown in figure 1. Air with moisture content of approx-
imptely 9 grains per pound of air was supplied to the entrance of the
supersonic free-jet nozzle at the required total pressure and tempera-
ture, and accelerated through the supersonic nozzle to the desired Mach
number at the nozzle exit. The engine inlet was immersed in the super-
sonic stream at the nozzle exit. Angle irons and wire screens in the
plenum chamber and on the supersonic nozzle inlet straightened the inlet-
air profile. A jet diffuser was installed on the supersonic nozzle exit
for part of this investigation, allowing a decrease in the facility pres-
sure ratio and an increase in altitude. The supersonic nozzle was piv-
oted about a horizontal axis to simulate angles of attack between +7°,

A shadowgraph system was used to determine the inlet shock pattern. The

combustor in operation was observed by means of a periscope that was located
downstream of the engine and that afforded a view of the combustion region

through the exhaust nozzle.
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Engine

A cross-sectional view of the heavy duty XRJ43-MA-3 ram-jet engine
used in this investigation is shown in figure 2. Indicated in the fig-
ure are the diffuser inner body and longeron supports, the diffuser grid,
the fuel system, the flame holder, and the instrumentation stations, The
internal geometry of the heavy duty engine used is identical with the
flight engine.

The projected area of the cowl lip was 0.403 and the throat area of
the exhaust nozzle was 0.703 percent of the maximum combustion-chamber
flow area. The inmer body was supported by three equally spaced longer-
rons. About 1 percent of the inlet air flow was bled overboard from an
air scoop in the main longeron to simulate air used by an air turbine-
driven fuel pump in the flight engine. To simulate the flight installa-
tion, the engine was mounted in the altitude test chamber so that the
mein longeron was 45° counterclockwise at the top centerline when looking
downstream. A grid, which was composed of two-dimensional airfoils (figs.
2 and 3) and had a blockage of about 38 percent, was located in the inlet
diffuser. The purpose of this grid was to act as a flow-straightening
screen and to optimize the position of the diffuser shock wave in order
to eliminate shock-induced separation.

The engine fuel-injection system had two branches (figs. 2 and 3).
One branch had 12 spray nozzles in the inner ring and 4 pairs of nozzles
mounted at a radius outside the outer ring. The other branch had 16 spray
nozzles in the outer ring. All spray nozzles used were & spring-loaded
variable-area type. The fuel used during this investigation was clear
gasoline having a hydrogen-carbon ratio of 0.182 and a lower heating
value of 18,800 Btu per pound.

The flame holder used was a baffle-type with one annular V-gutter
connected to the immer body by eight radial V-gutters (fig. 4). Flame-~
holder projected blockage of the annular area was approximately 52 per-
cent. A propane-air system with an electric spark was located inside
the section of the inner body shown in figure 4(b) and used for ignition.

Instrumentation

Instrumentation stations are shown in figures 1 and 2. Total pres-
sures were measured at stations O, 2, and 5; wall static pressures were
measured throughout the entire length of the engine (£ig. 2); and temper-
ature was measured at station O. All pressures were meagured by mercury
manometers, the wells of which were open to atmospheric pressure. Atmos-
pheric pressure was measured by an absolute mercury manometer. All manom-
eter readings were recorded photographically. Temperatures were recorded
by a self-balancing potentiometer.
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The fuel flow to each of the two branches of the fuel system was
measured by a positive-displacement electronic flowmeter. These flow-
meters were calibrated by comparison with standard rotameters.

Air~Flow Calibrator

The air flow through the engine is determined from the effective
capture area of the supersonic diffuser and the total pressure and tem-
perature upstream of the supersonic nozzle. (The symbols used and the
calculations are presented in appendixes A and B, respectively.) Cold-
flow tests with an air-flow calibrator (fig. 5) were used to determine
the effective capture area of the diffuser. The diffuser total-pressure
ratio was varied by means of a butterfly valve. The flow was smoothed
downstream of the valve by six 2-mesh 0.062-inch wire screens so that the
pressure profile and, hence, the exhaust-nozzle discharge coefficient
would be the same as with combustion. The same exhaust nozzle was used
on the air-flow calibrator as on the combustor.

PROCEDURE

The XRJ43-MA-3 fuel control calls for three different types of oper-
ation during flight. For low thrust, the fuel system with 20 spray noz-
zles (see APPARATUS) is used alone. This use is referred to as inmer-
ring-only operation and is used to an over-all fuel-air ratio of about
0.035. For intermediate thrusts, the inner ring is held at a fuel-air
ratio of approximately 0.035 and additional fuel is injected through the
system with 16 spray nozzles (outer ring) until the desired thrust is
attained. This type of operation is referred to as dual-pressure and
is used until the pressure in the two fuel systems is equal (approximate
over-all fuel-air ratio of 0.065). For high thrust, a common fuel pres-
sure is supplied to both fuel branches. This procedure is referred to
as single-pressure operation and is used for all fuel-air ratios above
0.065. The two branches of the fuel system were controlled independently
during these tests, but the types of operation encountered during flight
were simulated. These types of operation were not directed specifically
to the interim engine.

Data were taken at the following angles of attack with each method
of fuel injection at the seven inlet conditions listed:
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Inlet Altitude, | Angle of attack, o, deg
temperature, e Inner Dual Single’
TO’ ring | pressure! pressure
°r only
Miami | 812 45,000 +4 +4 O,+4
cold | 790 50,000 0,44 +4 0,44,~7
day | 790 60,000 0,x4 O,+4 0,44
790 65,000 0,+4 0,+4 0,+4
Miami | 914 45,000 +4 +4 | e
hot 873 60,000 +4 +4 0,14
day | 8713 65,000 +4 +4 +4

Data were taken over apporixmately the following fuel-air-ratio
range with each fuel injection method: imner-ring-only, 0.030 to 0.050;

‘dual-pressure, 0.040 to 0.070; single-pressure, 0.040 to 0.080. Lean

blow-out data were taken with inner-ring-only fuel injection and rich
blow-out data were taken with both dval-pressure and single-pressure fuel
injection. To check the effect on performance of variations in the fuel
control, dual-pressure fuel injection was run with the two nominal inner-
ring fuel-air-ratio settings of 0.033 and 0.037.

Data were taken with and without the Jet diffuser attaéhed to the
supersonic nozzle.

The combustor was ignited before the flow was established in the

‘supersonic nozzle {(i.e. with subsonic flow at the engine inlet) and then

the exhaust pressure was lowered until the supersonic flow was
established.

RESULTS

The engine performance data obtained are summarized in table I.
Shown in graphic form are the engine-inlet air-flow calibration,
diffuser-outlet Mach number contours,; engine performance, and combustor
blow-out limits.

The engine-inlet air-flow calibration is presented in figure 6,
which gives the relation between diffuser total-pressure recovery and
inlet mass-flow (or capture-area) ratio for several angles of attack at
inlet temperatures of 790° (MCD) and 873° R (MHD) and an altitude of
60,000 feet. Over the range of angles of attack investigated, the super-
critical mass-flow ratio decreased a maximum of 0.025 from the value at
zero angle of attack. The supercritical mass-flow ratio also decreased
about 0.013 asg the inlet temperature was decreased from 873° to 790° R.
The diffuser critical total-pressure recovery decreased about 0.03 at
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140 angles of attack and about 0.06 at +7° angles of attack from the
value at zero angle of attack (approximately 0.66). The diffuser criti-
cal pressure recovery also decreased about 0.005 as the inlet tempera-
ture was decreased from 873° to 790° R. During subcritical diffuser
operation, the inlet shock pattern interferred with the supersonic nozzle
flow and changed the Mach number slightly. However, shadowgraph observa-
tions and high-speed instrumentation both indicate that the diffuser was
unstable during subcritical operation.

The diffuser-outlet (station 2) Mach number contours are presented
in figure 7. High combustor total-pressure loss and upstream burning
will result if the Mach number variation entering the combustor is too
severe. The Mach numbers were calculated from the total-pressure read-
ings and the static pressure assuming uniform static pressure across the
passage as determined from the wall static measurements at each rake.

The four wall static pressures were generally within 40.01 of the average.
Altitude, inlet temperature, and combustion had little or no effect on
the diffuser-outlet Mach number contours. The effect of diffuser total-
pressure recovery on the diffuser-outlet Mach number contours at zero
angle of attack can be seen in figure 7(a). The difference between max-
imum and minimum Mach numbers increased from 0.16 to 0.49 as diffuser
total-pressure recovery decreased from 0.658 to 0.421 at zero angle of at-
tack. Variation of the diffuser-outlet contours with angle of attack is
shown in figures 7(b) and (c) for diffuser total-pressure recoveries of
approximately 0.595 and 0.475, respectively. Angle of attack changed the
positions of the diffuser-outlet contours, but had little effect on their
severity. The occurrence of combustion screech caused a shift in the dif-
fuser-outlet contours but no increase in severity of the profile.

The performance of the engine is presented in figures 8 to 12. All
performance figures show combustor-outlet total pressure, combustor total-
pressure ratio, 'diffuser total-pressure recovery, combustor-inlet Mach
number, combustion efficiency, and engine net-thrust coefficient as func-
tions of fuel-air ratio. In this preliminary report no attempt will be
made to explain trends and only a few major points will be discussed.

A discontinuity occurred in all the performance data when combustion
_screech was encountered. Combustion screech was generally encountered
in the medium-to-high fuel-air-ratio range, and the frequency of oscilla-
tion was determined to be from 600 to 700 cycles per second. Combustion
screech improved the performance, but the severity or destructiveness
could not be determined because of the heavy duty (water—cooled boiler
plate) engine used in this investigation. Therefore, the effect on a
flight weight engine is unknown. A hysteresis occurred when the fuel-
air ratio was increased and decreased, taking the combustor into and out
of screech.
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The engine performance at an altitude of 60,000 feet and an inlet
temperature of 790° R (MCD) is shown on figure 8. Performance with the
three different types of fuel injection are shown in parts (a), (b), and
(c) of this figure. Angle of attack had & small effect on performance
over the range investigated (between +4°). Data at two different inner-
ring fuel-air-ratio settings (0.033 and 0.037) were obtained during dual-
pressure fuel-injection operation and each are indicated on part (b).
This variation had a negligible effect on performance and is not indicated
on all remaining performance figures. The effect of the addition of the
Jjet diffuser to the supersonic nozzle is also shown in figure 8. The Jet
diffuser had a negligible effect on performance of the engine so that on
succeeding figures no differentiation is made between operation with or
without the jet diffuser. ‘

The engine performance at two other inlet conditions (altitude,
60,000 £t and inlet temperature, 873° R; altitude, 50,000 ft and inlet
temperature, 790° R) is presented in figures 9 and 10. All three fuel-
injection methods are presented on the same figure so that a direct com-
parison can be made between them. Inner-ring-only operation gave better
performance to a fuel-alr ratio of about 0.05 than dual-pressure opera-
tion. Dual-pressure and single-pressure operation gave similar results
over the range of fuel-air ratios investigated. Angle of attack also had
a small effect on performance at these inlet conditions. ‘

The effect of inlet temperature on engine performance is shown in
figure 11 at an altitude of 60,000 feet and an angle of attack of +40. A
slightly higher net thrust coefficient was obtained at an inlet tempera-
ture of 790° R than at 873° R.

The effect of altitude on engine performance is presented in figure
12 at the Miami cold day inlet temperatures and an angle of attack of +4°.
The three fuel-injection methods are separated because of the volume of
data and are shown on parts (a), (b), and (c). The net thrust coefficient
decreased as altitude was Iincreased and was between 0.05 and 0.10 lower
at 65,000 feet than at 45,000 feet if the combustor was not screeching.
During conbustor screech, altitude had a very small effect on engine
performance.

The combustor blow-out limits are presented In figures 13 and 14
for all conditions investigated. The combustor fuel-air ratio at blow-
out 1s shown in figure 13 and the approximate diffuser total-pressure
recovery at blow-out is shown in figure 1l4. Rich blow-out data were taken
with either dual-pressure or single-pressure fuel injection (as indicated)
and lean blow-out data were taken with inner-ring-only fuel injection. In
general, the combustor blow-out limits were decreased as altitude was in-
creased or inlet temperature decreased.




" COMFTOENTTAL, * NACA RM E55C28

SUMMARY OF RESULTS

The performance of the XRJ43-MA-3 ram-jet engine, tested in a free-
Jjet facility at a Mach number of 2.50, was as follows: ’

The inlet supercritical mass-flow ratio decreased a maximum of
0.025 as the angle of attack deviated from zero to i70- The diffuser
critical total-pressure recovery decreased about 0.03 and 0.06 at angles
of attack of +4° and i7°, respectively, from the value at zero angle of
attack. The diffuser was unstable during subcritical operation.

Altitude, inlet temperature, and combustion had little or no effect
on the diffuser-outlet Mach number contours. The difference between max-
imum and minimum Mach numbers increased from 0.16 to 0.49 as diffuser
total-pressure recovery decreased from 0.658 to 0.421 at zero angle of
attack. Angle of attack changed the positions of the diffuser-outlet
contours, but had little effect on their severity. Combustion screech
caused a shift in the diffuser-outlet contours but no change in the
severity of the profile.

A discontinuity occurred in all the performance data when combustion
screech was encountered. Combustion screech, which was generally encoun-
tered in the medium-to-high fuel-air-ratio range, improved the perform-
ance, but the severity or destructiveness could not be determined because

of the heavy duty engine used -in this investigation. A‘hysteresis occurred

when the fuel-air ratio was increased and decreased, taking the combustor
into and out of screech.

Angle of attack, inlet temperature, and the two inner-ring fuel-air-
ratic settings on dual-pressure fuel injection all had a small effect on
performance over the ranges investigated. The net thrust coefficient
decreased as altitude was increased and was between 0.05 and 0.10 lower
at 65,000 feet than at 45,000 feet if the combustor was not screeching.
During combustor screech, altitude had a very small effect on engine
performance. '

In general, the combustor blow-out limits were decreased as altitude
was increased or inlet temperature decreased.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronsutics
Cleveland, Ohio, March 25, 1955
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APPENDIX A

SYMBOLS

The following symbols are used in this report:

A area, sq ft
C coefficient
F thrust, 1b
acceleration due to gravity, 32.174 ft/sec2
M Mach number
MCD Miami cold day temperatures
MHD Miami hot day temperatures
P total pressure, 1b/sq ft abs
P static pressure, 1b/sq ft abs
R gas constant, 53.34 ft-1b/(1b)(°R)
T total temperature, °R
v velocity, ft/sec
W flow rate, lb/sec
a angle of attack, deg
Y ratio of specific heats
M efficienéy
0 density;, Ib/cu £t
Subsciipts:
a air
b combustor
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d discharge
£ fuel
gas
N nozzle
n net
0 stream tube (at free-stream conditions) having seme area as
engine dnlet
1 engine inlet
2 diffuser outlet or combustor inlet
3 combustion chamber (28 in. diam.)
S exhaust-nozzle throat

6 exhaust-nozzle exit
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APPENDIX B
METHODS OF CALCULATIONS

Combustor air flow. = The combustor air flow was determined from
nonburning conditions as follows:

‘Y5+l
. Ps , rsg( 2 2lrg-1)
8,5~ _/= 5 dﬁd R \7v- + 1
> T5 ‘ 5

where Ag 1is 2.996 square feet, no total-temperature loss (To = TS) is
assumed, and Yg = 1l.4. Information supplied by the manufacturer and

small-scale nozzle tests indicate the exhaust-nozzle discharge coeffi-
cient Cd,S to be about 0.975. Therefore the air-flow equation is:

, Ps\ Po
Wy 5 = 1.553 (’1%)__"" (B1)

To

Very little combustion data were taken with the diffuser operating sub-
critically. Therefore, the diffuser supercritical air flow was used for
all combustion data and PS/PO = constant (for a given angle of attack
and inlet temperature).

The average supercritical values of P5/Po as determined from the
air-flow calibration are:

Angle of Inlet P[P
attack, | temperature,

o, Ios
deg QR;

0 790 0.2107
-4 .2087
+4 .2105
-7 .2052
+7 .2070

0 13 J2137
-4 .2114
+4 .2135
=7 .2082
+7 i .2100

An inlet-air-flow calibration was not obtained at 0°, +4°, and +7° angles
of attack at an inlet temperature of 873° R. Therefore, the effect of
angle of attack on PS/PO as determined at an inlet temperature of 790° R
was also applied to the data at an inlet temperature of 873° R.
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Inlet mass-flow ratio (or capture-area ratio). - A small amount of
air was bled overboard to simulate that used by the air-turbine-driven
fuel pump in flight. This air bleed was determined to be about 0.01
s0 that

W
Wizf’- = 0.99
a,1
but
P
1.553 —2
Wa,5 _ V7o
ol TotL

Wa,1 o8 ro -1 | Ffol
oo ol Er |t T
7

where A, = A, = 1.7194 square feet, vy, = 1.4, and

(¢} 1
W, P
Bol 4 spg 22 (B2)
W P
a,0 0

The values of P5/P0 were determined from the air-flow calibration.

Exhaust-gas temperature. - The exhaust-gas temperature was calcu-
lated from the following equation:
Tgtl . G
PshsCq 58 o Y5 2 2brs-1)
s=l—w - \&\&\y-71
g,5 5 7. ‘

where Ag = 2.996 square feet, and Cd}5‘= 0.975.

Y5+l
flrs,z) = VR®\Fs + L
Therefore,
94.0 P, f(vs,R} e
Ts = We ¥ W, s (83)

f(ys R)was determined from reference 1 and the engine fuel-air ratio.
3
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Combustion efficiency. - The combustion efficiency was defined as

= .T_S__—_.EO_ (34 )
ATsdeal :

where AT, ideal YRS obtained from reference 2 using TO and the engine
fuel-air ratio.

Net thrust coefficient. - The net thrust is defined as

Wa,1
n ﬂm% Ve *+ (nypg - Bolag - —= Vo

b
il

W
nwpehe (1 + 1M, %) - ToPo W AoMo - Pohg
The net thrust coefficient is defined as

F

n
2"k v,2a
2g 0 73
but
2 2
Po¥o” _ ToPd%o
2g 2
and

myPehe (1 + gt %) - ToPo w AoMo - Pofg

Cp =

n

Yo 2
= PoMp Az

where A5 = A6 and it is assumed that P6 = P5

o R vov) - 462) -

where Ag = Al = 1.7194 square feet, Ag = 2.996 square feet, Ag = 4.276
2.50, vo = 7/5, vg = 9/7,

square feet, and it is assumed that M,
Cd,S = 0.975, and mny = 0.97. Then
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Pg Wa 1
Cp = 3.587 == - 0.8042 == - 0.2286
b

where Wa, l/wa o Wwas assumed to a constant for each inlet temperature
and angle of a{:ta.ck. Val’ueg can be calculated from the table of values
of Ps/Po (p. 11) and equation (B2).
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geoe

Flame holder removed.

Figure 3. - View looking upstream shoﬁing fuel-spray rings and grid installed in
diffuser.
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(&) Three-quarter view of downstream face.
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Figure 4. - Flame holder used in XRJ43-MA-3 model 20B3 ram-jet engine.
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0,17 min.

CX=2"back

Diffuser total-pressure recovery, 0.658. Diffuser total-pressure recovery, 0.578.

Diffuser total-pressure recovery, O0.476. Diffuser total-pressure recovery, O.421.

(a) Effect of diffuser total-pressure recovery. Angle of attack, a, 0%

Figure 7. - Diffuser—outlet (station 2) Mach number contours.
Altitude, 60,000 fest: inlet temperature, 790 ®R (MCD).
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0017 mine AR maXo

0405 min.

Angle of attack, +4°.

Angle of attack, =7°. Angle of attack, +7°.

(v) Effect of angle of attack. Diffuser total-pressure recovery, approximately 0.595.

Figure 7. - Diffuser-outlet (station 2) Mach number contours.
Altitude, 60,000 feety inlet temperature, 790 °R (MCD).

PO
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Angle of attack, ~7°. Angle of sttack; +7°
{

(¢) Effect of angle of attack. Diffuser total pressure recovery; appro;

Figure 7. - Diffuser sutlet (station 2) Mach number contours
Altitude, 60,000 fest) inlet temperature, 790 °R (MCD).
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1.00

+90

<80

=70

«60

Cembustien efficiency, T,
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